Entanglement is an essential resource in current experimental implementations for quantum information processing. We review a class of experiments exploiting photonic entanglement, ranging from one-way quantum computing over quantum communication complexity to long-distance quantum communication. We then propose a set of feasible experiments that will underline the advantages of photonic entanglement for quantum information processing.
Introduction

Quantum entanglement
1 has become an important resource for many practical tasks in quantum information processing such as quantum computing, quantum communication or quantum metrology. From an early stage on, entanglement proved to be an essential tool for quantum physics, both in theory and experiment: early experimental realizations of entangled photon pairs were used to demonstrate the quantum nature of polarization correlations that can occur in decay processes 2, 3 , to confirm quantum predictions of radiation theory and falsify semi-classical models 4, 5 , or to test Bell' s theorem and exclude local realistic descriptions of the observed quantum phenomena 6, 7, 8, 9 . It followed the discovery of information processing for quantum physics (and vice versa), partly triggered by the introduction of quantum cryptography 10, 11, 12 , and hence the beginning of quantum information science, which has evolved to a strongly expanding branch of science. Entanglement is a fundamental resource for it, as a quantum channel in quantum communication (e.g. for quantum state teleportation 13, 14 or quantum dense coding 15, 16 ) or as computational resource. Quantum computing with photons has recently experienced a new boom by discovering the possibility of universal computing with linear optics and measurements alone 17 . Although it is still unclear what the minimal resource requirements for optical quantum computing are, the number of required optical elements per universal gate is constantly decreasing. Another appealing feature of photonic quantum computing is the possibility of gate times much faster than in any other physical implementation to date.
In the following we will discuss new examples involving experiments on entangled photons that underline the importance of entanglement for quantum information processing. Section 2 starts with an introduction to photonic one-way quantum computing, a new approach that makes optimal use of entanglement as a resource. We propose an experiment to achieve deterministic quantum computing, a unique feature of the one-way quantum computer, by introducing active corrections during the computation. Section 3 describes experimental challenges and perspectives when exploiting distributed entanglement for quantum networking tasks, in particular long-distance quantum communication, higher-dimensional quantum cryptography and quantum communication complexity.
Towards deterministic One-Way Quantum Computing with active FeedForward
Linear optical quantum computing (LOQC) is one of the promising candidates for the physical realization of quantum computers. LOQC employs photonic qubits as information carriers, which have the immense advantage of suffering negligible decoherence and providing high-speed gate operations. It was shown that linear optics and projective measurements allow for essential nonlinear interactions and eventually for scalable quantum computing 17 . This has led to a flurry of research in both theory and experiments. A recent and comprehensive overview can be found in 18 . The intrinsic randomness of the projective measurements in linear optics, however, only allows for probabilistic gate operations, i.e., the gate operations are successful only in a small fraction of the time. The other times the outcomes need to be discarded. Although the gate success probability increases with additional resources (optical elements and/or ancilla photons), such schemes achieve nearly deterministic gate operations only in the asymptotic regime of infinite resources, which is experimentally infeasible. In contrast, the one-way quantum computer model 19, 20 , an exciting alternative approach to LOQC, allows the resource for the quantum computation to be prepared offline prior to any logical operations. The computational resource is a highly entangled state (the so-called cluster state The choice of measurement basis determines the single-qubit rotation, R z (α) = exp(−iασ z /2) , followed by a Hadamard operation, H = (σ x + σ z )/ √ 2, on the input state (σ x , σ y , σ z , being the Pauli matrices).
The order and choices of these measurements determine the unitary gates that are implemented and therefore the algorithm that is computed. Remember that input states are by construction always |ψ in = |+ unless the cluster is part of a larger cluster state. Rotations around the z-axis can be implemented through the identity HR z (α)H = R x (α) so that two consecutive measurements on a linear 3-qubit cluster can rotate the input state to any arbitrary output state on the Poincare-Sphere
Up until now, we have not incorporated the actual measurement result in our analysis.
Eq. 1 only holds if the outcome of the measurement s is as desired, say s = 0. Due to the intrinsic randomness of the quantum measurement, it happens with equal probability that the measurement yields the unwanted result s = 1. In that case, a well known Pauli-error (σ x = X ) is introduced in the computation, so that the single measurement in basis B j (α) rotates the qubit to:
Obviously, by adapting the measurement bases of subsequent measurements, these errors can be eliminated. In the following, let us consider the general case of a single-qubit operation by taking into account the feed-forward rules. If we choose consecutive measurements in bases B 1 (α) and B 2 (β) on physical qubits 1 and 2 of a 3-qubit cluster, then we rotate the encoded input qubit |ψ in to the output state
which is stored on qubit 3. The measurement outcome, s i = {0, 1}, on the physical qubit i determines the measurement basis for the succeeding qubit and indicates any introduced Pauli errors that have to be compensated for. This idea can schematically be depicted as a circuit diagram:
:;
Single wires represent quantum channels, while double lines denote classical communication. The circles in front of the measurement meters show the measurement basis. No error correction is required for the specific case where the outcomes of the first and second qubit are s 1 = s 2 = 0 and hence, as expected,
if the outcome of the second qubit is s 1 = 1 (s 2 = 0) the measurement basis of the third qubit has to be changed from B 2 (β) to B 2 (−β) and finalized by a Pauli error correction, i.e. σ z on the output qubit, to get the desired output of the computation. This yields have to be compensated for on qubit 3 yielding |ψ out = σ x σ z R x (−β)R z (α)|ψ in . This is summarized in Table 1 .
Experimentally, feed-forward can only be achieved by recording both measurement out- In an experimental implementation of this scheme, the individual photonic qubits must be delayed just long enough so that the classical feed-forward process can be carried out, i.e., that an individual outcome can adapt the measurement basis for the next measurement. The most rudimentary "quantum memory" that can be used for such purpose is a single-mode fiber of a specific length, which has negligible photon loss over Based on our recent successful demonstration of one-way quantum computing 21 , a proofof-concept demonstration of deterministic quantum computing, i.e. implementation of active feed-forward and error-correction in real time, on a 4-photon cluster state is certainly feasible.
Conceptually, this would present a crucial step towards realizing scalable optical quantum computing, showing that it is indeed possible to build a deterministic quantum computer which uses both entanglement and the intrinsically random measurement outcomes as an essential feature.
Entanglement as communication channel -Quantum Communication
A. Distributed Computing: Entanglement for Quantum Communication Complexity
Although entanglement on its own cannot be used for communication Here we will determine the experimental requirements for quantum communication complexity protocols to outperform their classical counterparts in solving certain types of problems. This will include determination of the required minimal visibility V and the detection efficiency η for the advantage. The type of the problems considered here is as follows. There are n separated partners who receive local input data x i such that they know only their own data and not those of the partners. The goal is for all of them to determine the value of a function f (x 1 , ..., x n ). Before they start the protocol, they are allowed to share classically correlated random strings or quantum entanglement. If only a restricted amount of communication is allowed, we ask the questions: What is the highest possible probability for the parties to arrive at the correct value of the function? We refer to this probability as "success rate" of the protocol.
Recently, it has been realized that communication complexity problems are tightly linked Consider the general Bell's inequality for correlation functions
Here g is a real function, B(n) is a bound imposed by local realism and E(x 1 , ..., x n ) is the correlation function for measurements on n particles, which involve, at each local measurement station i, two alternative dichotomic observables, parameterized here by x i = 0 and 1. In Ref. 37 it was shown that this Bell's inequality puts limits on the success rate in computation of certain two-valued functions f (x 1 , ..., x n ) with the inputs x i = 0 or 1 40 . The execution of the protocol is successful when all parties arrive at the correct value of f .
The most interesting case found is for g = √ 2 n+1 cos π 2 (x 1 +...+x n ) , n odd and B(n) = 2 n for which the success probability of classical solutions cannot be larger than
whereas a quantum protocol solves the problem with certainty, i.e. P quant = 1 40 . This implies that in the limit of very large n one has P class → 1/2, which is not better than if the partners simply agree beforehand to choose all the same (random) value for the value of the function. 
For the quantum protocol to beat the best classical one we need a success higher than
We now analyze detectors with finite detection efficiency η and non-maximal visibility V due to experimental imperfections as modeled by an admixture of white noise to the perfect
With a finite detector efficiency η ≤ 1, the partners obtain perfect quantum correlations in η n V of the cases and proceed with the quantum protocol with the success rate P quant = 1.
When their detectors fail, the partners must agree on a procedure. They are not allowed to communicate the failure, as this would consist of further bits of communication between the parties, and the allowed communication is restricted. The most effective way for a partner is to proceed with the best classical protocol in case her/his detector fails. It is assumed that there are no experimental constraints for classical protocols as they are based on manipulating and detecting classical systems (e.g. balls or pencils), which could be done with very high efficiency.
Whenever all detectors fail, which happens in (1−η) n of the cases, the partners will obtain the best classical success rate P class . In the cases when some of the detectors fail and the rest fire, the partners whose detectors fail would start the best classical protocols, whereas those whose detectors fire proceed with the quantum protocol. Since the two protocols are completely independent, the success rate is not better than the probability that all partners
give the same but random guess for the value of the function. In the rest of the cases, all detectors fire measuring white noise, which again leads to the success as for the random guess. Thus, in 1 − η n V − (1 − η) n of the cases the success rate is P rand = 1/2.
Taking all this into account, the condition for a higher-than-classical success rate is:
A similar analysis for the special case of n = 3 and special function f was given by Galvao in
Ref. 42 . In Figure 1 we show the region in the parameter space of V , η and n that guarantees a higher-than-classical success rate. Taking η = 0.8 for the detector efficiency and visibility V = 0.9, one obtains n = 4 for the minimal number of photons in the entangled state, which is well within the scope of current technology. Recently, a quantum communication complexity protocol based on the sequential transfer of a single qubit 42 was experimentally implemented and its advantage over the classical counterpart was shown in the presence of the imperfections of a state-of-the-art set-up 43 . It could therefore be expected in near future that entanglement-based quantum communication complexity protocols will become comparable to quantum key distribution, the only commercial application of quantum information science so far.
B. Distributed Entanglement in Higher Dimension: Entangled Qutrit Quantum Cryptography
All Quantum Cryptography experiments performed so far were based on two-dimensional quantum systems (qubits). However, the usage of higher-dimensional systems offers advantages such as an increased level of tolerance to noise at a given level of security and a higher flux of information compared to the qubit cryptography schemes.
In a recent experiment we produced two identical keys using, for the first time, entangled trinary quantum systems (qutrits) for quantum key distribution 44 . The advantage of qutrits over the normally used binary quantum systems is an increased coding density and a higher 
C. Distributed Entanglement: Long Distance Quantum Communication & Quantum Networking
There is a range of unique applications emerging if several users share entangled particles, such as quantum cryptography 11, 12, 45, 46, 47 Fortunately, quantum physics allows us to perform these tasks, if the several users initially share entangled particles with a central network operator. Utilizing the procedure known as entanglement swapping 48, 49 , the generalization of quantum teleportation, the operator may simply swap the entanglement between the particles entangled with two different users, such that finally the particles of the two users get entangled. The operations that the central node (operator) must perform are projection measurements onto the desired entangled state. Since the particles originally have no relation, the projective measurement will give a random result, which must be communicated to the users, so they can use the entangled particles. Entanglement swapping can in principle be generalized to arbitrary quantum network sizes if the network operator performs the swapping operations (i.e. projections on to Bellstates, GHZ-states), depending on which users wish to communicate. This is at the heart of a quantum repeater 50 , which additionally makes use of entanglement purification 51, 52 and quantum memories to faithfully transmit entanglement over arbitrary distances. Important experimental progress has been made along this line, for example by demonstrating quantum teleportation over long distances 27 or by realizing non-classical interference of photons from completely independent photon sources 53 .
In the future, the use of satellite-based technology could provide the means for distribution of quantum signals even on a global scale 54, 55, 56 . These schemes will involve sources for Acquisition and processing of the detection events: the detection events must be recorded as time-tags, and stored on the satellite. The data must be sent to the ground for further processing.
Conclusion
In summary, we have introduced and reviewed some recent experimental progress in the understanding of photonic quantum entanglement as a resource for quantum information processing. We have also provided an outlook onto future experiments that should be feasible with current technology and that will further highlight the distinctive role of entanglement.
Besides the impressive achievements in laboratories all over the world there remain fascinating challenges for the future ranging from the interfacing of photons to scalable and durable architectures, i.e. including quantum memories, over the faithful production and characterization of multipartite entangled states of significant particle number to the realization of a full scale quantum repeater. Table 1 . Table 1 
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